Chandra, Engeln et al. show that mitochondrial division and its molecular mediator, Drp1, are increased in nucleus accumbens D1-MSNs after repeated cocaine. Pharmacological or genetic blockade of mitochondrial division prevents physiological and behavioral outcomes to cocaine during early drug abstinence. Chandra et al., 2017 , Neuron 96, 1327-1341 December 20, 2017 SUMMARY Altered brain energy homeostasis is a key adaptation occurring in the cocaine-addicted brain, but the effect of cocaine on the fundamental source of energy, mitochondria, is unknown. We demonstrate an increase of dynamin-related protein-1 (Drp1), the mitochondrial fission mediator, in nucleus accumbens (NAc) after repeated cocaine exposure and in cocaine-dependent individuals. Mdivi-1, a demonstrated fission inhibitor, blunts cocaine seeking and locomotor sensitization, while blocking c-Fos induction and excitatory input onto dopamine receptor-1 (D1) containing NAc medium spiny neurons (MSNs). Drp1 and fission promoting Drp1 are increased in D1-MSNs, consistent with increased smaller mitochondria in D1-MSN dendrites after repeated cocaine. Knockdown of Drp1 in D1-MSNs blocks drug seeking after cocaine self-administration, while enhancing the fission promoting Drp1 enhances seeking after long-term abstinence from cocaine. We demonstrate a role for altered mitochondrial fission in the NAc, during early cocaine abstinence, suggesting potential therapeutic treatment of disrupting mitochondrial fission in cocaine addiction.
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INTRODUCTION
Brain energy homeostasis is perturbed in cocaine abuse and after cocaine exposure. This includes alterations in glucose metabolism, oxidative stress, and cellular respiration, as well as imbalanced glutamate homeostasis (Cunha-Oliveira et al., 2013; Dietrich et al., 2005; Jang et al., 2015; Kalivas, 2009; Pomierny-Chamio1o et al., 2013; Volkow et al., 1991) . Despite these studies, there is minimal investigation into mitochondria, the fundamental component of energy homeostasis, in select brain reward regions in motivation for cocaine or other drugs of abuse. Previous work demonstrates increased transcripts of molecules important for mitochondria function in postmortem prefrontal cortex of cocaine dependents (Lehrmann et al., 2003) . Additionally, recent transcriptional profiling of the nucleus accumbens (NAc), a major brain reward nucleus, demonstrates enriched gene ontology of mitochondrial-related transcripts after repeated cocaine (Feng et al., 2014) . Further, in vitro application of cocaine to brain mitochondria alters mitochondrial complex 1, mitochondrial respiration, and mitochondrial membrane potential (Cunha-Oliveira et al., 2013) .
Recent studies demonstrate that mitochondria dysfunction occurs in diseased motivational states including depression, bipolar disorder, anxiety, and stress response (Cai et al., 2015; CONVERGE consortium, 2015; Hollis et al., 2015; Manji et al., 2012; Picard et al., 2015; van der Kooij et al., 2017) . For instance, BCL-2 function in the brain, which plays a role in mitochondrial Ca 2+ homeostasis, is linked to mood disorders, and mood stabilizing agents can upregulate BCL-2 (Manji et al., 2012) . Furthermore, stress and anxiety are associated with mitochondrial dysfunction: mutations in mitochondrial genes during acute stress can impact pathophysiological mechanisms mediated by stress (Picard et al., 2015) , highly anxious animals exhibit reduced mitochondrial complex proteins in the NAc (Hollis et al., 2015) , and intra-NAc infusion of a D1 antagonist facilitates social dominance while increasing mitochondrial respiration (van der Kooij et al., 2017) . Despite these insights into mitochondrial function in diseased motivational states, mitochondrial dynamics have not yet been examined in dysfunctional motivation. However, recent studies have examined mitochondrial dynamics in learning and memory and in a naturally rewarding behavior exercise (Hara et al., 2014; Steib et al., 2014) . Mitochondrial morphology in prefrontal cortex presynaptic boutons is correlated with working memory performance (Hara et al., 2014) . Additionally, exercise increases mitochondrial content and the presence of mitochondria in dendritic segments in newly developed neurons (Steib et al., 2014) .
Mitochondria undergo dynamic processes including fission, the process of mitochondrial division, and fusion, the process of mitochondrial elongation (Detmer and Chan, 2007; Friedman and Nunnari, 2014; Westermann, 2010) . These processes are critical for maintenance of mitochondrial function and cellular quality control. To provide insight into the effects of cocaine on mitochondrial dynamics, we examined mitochondrial fission and fusion molecules including dynamin-related protein 1 (Drp1), a mediator of mitochondrial fission (Detmer and Chan, 2007; Friedman and Nunnari, 2014; Westermann, 2010) , in the nucleus accumbens (NAc) of animals receiving repeated cocaine and in cocaine dependents. We further examined the two main NAc projection medium spiny neuron (MSN) subtypes, those enriched in dopamine D1 versus D2 receptors. These two MSN subtypes display critical but often differential roles in psychostimulant-mediated behaviors (Calipari et al., 2016; Ferguson et al., 2011; Hikida et al., 2010; Lobo et al., 2010; Lobo and Nestler, 2011; Smith et al., 2013) . Previous studies demonstrate differential plasticity, signaling, and molecular processes in D1-MSNs versus D2-MSNs with chronic cocaine (Bock et al., 2013; Chandra et al., 2015; Graziane et al., 2016; Heiman et al., 2008; Kim et al., 2011; Lobo et al., 2010 Lobo et al., , 2013 MacAskill et al., 2014; Pascoli et al., 2014) . Given these findings, it is plausible that these MSNs have different energy demands, which could lead to altered mitochondrial dynamics in each MSN subtype. However, there is no information into mitochondrial changes or energy homeostasis, in general, in the two MSN subtypes after cocaine exposure. Previous studies show a role for mitochondrial dynamics, including DRP1-mediated fission, in synapse formation and function (Ishihara et al., 2009; Li et al., 2004 Li et al., , 2008 . Repeated cocaine conditions result in altered synaptic plasticity in MSN subtypes, with enhanced excitatory plasticity occurring in D1-MSNs (Bock et al., 2013; Graziane et al., 2016; Kim et al., 2011; MacAskill et al., 2014; Pascoli et al., 2014) . Thus, it is plausible that altered mitochondrial dynamics could underlie these characteristic cocaine-induced synaptic changes. In this study, we demonstrate a new role for DRP1-mediated fission in NAc D1-MSN subtypes in behavioral and cellular plasticity during early abstinence from repeated cocaine. These findings have implications for disruption of mitochondrial fission in addiction treatment.
RESULTS

Mitochondrial Fission and Fusion Gene Expression in NAc after Chronic Cocaine
We first examined mRNA of mitochondrial fission and fusion molecules, since these are key regulators of mitochondrial dynamics, in repeated cocaine conditions (Figure 1 ). We examined mitochondrial fission genes: dynamin-related protein 1 (Drp1), a GTPase that co-assembles on the outer mitochondrial membrane to mediate fission, and fission 1 (Fis 1), an outer mitochondrial membrane receptor that recruits Drp1 to mediate fission. We also examined mitochondrial fusion genes: Mitofusin (Mfn) 1 and 2, outer membrane GTPases that may form complexes to tether mitochondria to mediate fusion, and optic atrophy protein 1 (Opa1), a GTPase that mediates fusion between inner mitochondrial membranes (Detmer and Chan, 2007; Ferguson et al., 2011; Westermann, 2010) . We observed a modest but significant increase in NAc Drp1 mRNA, 24 hr after the last cocaine exposure, in mice that received repeated cocaine (20 mg/kg, 7 days, i.p.; Figure 1A ) and in rats that self-administered cocaine (1 mg/kg/infusion for 10 days; Figure 1B) . Fis1, Mfn1, and Opa1 mRNA were unchanged in NAc in these conditions. Mfn2 was increased in NAc after cocaine self-administration but unchanged after repeated cocaine. Acute cocaine (20 mg/kg, i.p.) followed by 90 min, 4 hr, or 24 hr abstinence did not alter Drp1 mRNA. However, Fis1 and Opa1 were altered under these conditions ( Figure S1A ). 30 days of abstinence from cocaine, after repeated exposure (20 mg/kg, 7 days, i.p.) or self-administration (1 mg/kg/infusion for 10 days), did not alter mitochondrial fission or fusion mRNAs (Figures S1B and S1C) nor was protein for these mRNAs altered 24 hr or 30 days after repeated cocaine (20 mg/kg, 7 days, i.p.; Figures S1D and S1E).
We next determined whether the change observed in the rodent conditions occurs in human cocaine abuse. To do this, we examined fission and fusion molecules in postmortem NAc of cocaine-dependent individuals (Table S1 ; Golden et al., 2013; Robison et al., 2013) . Consistent with the rodent findings, we observe a significant upregulation of DRP1 mRNA in NAc of cocaine dependents ( Figure 1C) . FIS1, MFN1, MFN2, and OPA1 mRNA were unchanged in NAc of cocaine dependents ( Figure 1C ). Since DRP1 was significantly increased in NAc in all cocaine conditions, we investigated this molecule further.
Examination of Mitochondrial Fission Promoting DRP1 after Repeated Cocaine DRP1 phosphorylation at serine sites can affect its ability to promote fission. Phosphorylation within the DRP1 variable domain at serine 616 can enhance DRP1-mediated fission (Cho et al., 2013; Taguchi et al., 2007) . Thus, we next sought to examine DRP1 phosphorylation at this site after repeated cocaine (20 mg/kg, 7 days, i.p.) or saline, in NAc tissue collected 24 hr or 30 days after the last cocaine injection. We observed a significant increase in p-Ser616-DRP1 in NAc in the cocaine group compared to the saline group, after 24 hr of abstinence ( Figure 2A ). p-Ser616-DRP1 returned to control conditions 30 days after the last exposure to cocaine ( Figure S1E .) These data implicate increased mitochondrial fission in NAc after short abstinence from repeated cocaine exposure.
Blockade of Fission Promoting DRP1 during CocaineMediated Behaviors and Effects on NAc Neuron Subtypes
Since the fission promoting p-Ser616-DRP1was increased in NAc after cocaine exposure, we next investigated whether inhibiting fission alters behavioral responses to cocaine. We used the small molecule, Mdivi-1 (Tanaka and Youle, 2008) , which has been shown to block fission through preventing DRP1 self-assembly, inhibiting p-Ser616-DRP1, and blocking GTPase activity of the yeast DRP1 homolog (Cassidy-Stone et al., 2008; Chen et al., 2016; Kim et al., 2016) . Mice received Mdivi-1, systemically or via intra-NAc infusions, during cocaine-conditioned place preference (CPP), cocaine locomotor sensitization, and cocaine self-administration. For the CPP study, mice received Mdivi-1 (12.5 mg/kg, 25 mg/kg, or 50 mg/kg; i.p.) or vehicle during the cocaine (7.5 mg/kg) conditioning and vehicle during the saline conditioning. On the test day, mice that received Mdivi-1 (25 mg/kg and 50 mg/kg) displayed blunted time spent in the cocaine-paired chamber (Figures 2B and S2A) , while not affecting locomotor behavior during the test ( Figure S2B ). Mdivi-1 dosing did not alter place preference or locomotor behavior in saline control conditions ( Figures  S2C and S2D) . A low dose of cocaine (4 mg/kg) did not alter place preference in vehicle or Mdivi-1 groups (Figures S2E and S2F) . Intra-NAc infusion of Mdivi-1 (800 mM) during cocaine conditioning blunted place preference ( Figures 2C and S2G ) but did not alter locomotor behavior during the test day ( Figure S2H ). Similar to previous studies (Chen et al., 2016; Kim et al., 2016) , Mdivi-1 (50 mg/kg) blocked the p-Ser16-DRP1 induction in NAc 24 hr after repeated cocaine (20 mg/kg, 7 days, i.p.; Figure S2K ) and Mdivi-1 treatment. Mdivi-1 did not alter mRNA or protein for total DRP1 or other fission or fusion molecules (Figures S2K and S2M) , nor did it alter these molecules or p-Ser616-Drp1 30 days after cocaine and Mdivi-1 exposure (Figures S2L and S2N) .
To determine whether Mdivi-1 can also alter cocaine-induced locomotor responses, we gave mice Mdivi-1 (25 mg/kg or 50 mg/kg) during 7 days of cocaine (10 mg/kg) locomotor sensitization. Mdivi-1 did not alter locomotor responses, compared to vehicle controls, during this acquisition phase ( Figure 2D ). However, during a cocaine (10 mg/kg) challenge injection, after 7 days of abstinence, mice that received 50 mg/kg Mdivi-1 during the acquisition phase displayed blunted expression of cocaine locomotor sensitization ( Figures 2D and S2I ). Mdivi-1 did not alter locomotor responses when paired with saline injections ( Figure S2J ).
We next sought to examine whether the effects of Mdivi-1 occurred through a specific NAc MSN subtype since these two subtypes, D1-MSNs versus D2-MSN, in NAc and dorsal striatum, display distinct cellular and molecular plasticity roles to cocaine (Bock et al., 2013; Chandra et al., 2015; Heiman et al., 2008; Kim et al., 2011; Lobo et al., 2010 Lobo et al., , 2013 MacAskill et al., 2014; Pascoli et al., 2014; Graziane et al., 2016; Calipari et al., 2016; Creed et al., 2016) . We examined c-Fos protein (a marker for neuronal activity) in D1-tdTomato mice 90 min after a cocaine (A) Repeated cocaine (7 days, 20 mg/kg, ip) caused an increase in dynamin-related protein 1 (Drp1) mRNA in NAc, compared to saline-treated controls Student's t test: t = 2.378, df = 10, p = 0.03. However, mRNA of other mitochondrial fission (Fis1) or fusion (Mfn1, Mfn2, and Opa1) genes were unaltered in NAc in cocaine versus saline groups: Student's t test (in the order of the genes displayed): t = 0.03, df = 10, p = 0.97, t = 1.46, df = 10, p = 0.17, t = 0.91, df = 10, p = 0.38, t = 0.58, df = 10, p = 0.56. n = 6 in each group. (B) Drp1 mRNA is increased in NAc of rats after cocaine self-administration (1 mg/kg/infusion, 10 days, FR1 schedule) Student's t test, t = 2.542, df = 8, p = 0.03. While mRNA for other mitochondrial fission or fusion genes was unaltered after cocaine self-administration: Student's t test (in the order of the genes displayed): t = 2.08, df = 8, p = 0.07, t = 1.86, df = 8, p = 0.09, t = 2.01, df = 8, p = 0.08, only Mfn2 showed significantly increased levels: Student's t test: t = 3.14, df = 7, p = 0.01. n = 5 in each group. (C) DRP1 mRNA was increased in postmortem NAc of cocaine dependents (Student's t test, t = 2.707, df = 24, p = 0.01) but mRNA for other mitochondrial fission or fusion genes was unchanged: Student's t test (in the order of the genes displayed): t = 0.69, df = 24, p = 0.49, t = 1.15, df = 24, p = 0.26, t = 1.09, df = 24, p = 0.28, t = 1.42, df = 24, p = 0.16. n = 12 control and 14 cocaine dependent. *p < 0.05. Error bars, SEM. See also Table S1 and Figure S1 . A) pSer616-DRP1 is increased in NAc after repeated cocaine (7 days, 20mg/kg, ip) compared to saline controls. pSer616-DRP1 levels were normalized to total DRP1 and GAPDH. Student's t test, t = 2.551, df = 18, p = 0.02, n = 9 saline and 11 cocaine. (B) Mice pre-treated with both 25 mg/kg (n = 13) and 50 mg/kg Mdivi-1 (n = 8) did not display a change in time spent in the drug-paired chamber post cocaine conditioning, whereas vehicle (n = 15) and 12.5 mg/kg (n = 8) displayed a significant increased in time spent in the drug paired chamber post conditioning: two-way repeated-measure ANOVA: Time: F (1,40) = 43.87, p < 0.0001, Tukey post hoc: p < 0.001 and p < 0.01, respectively. (C) Mice pre-treated with Mdivi-1 infusion in the NAc (800 mM/0.5 mL/side) failed to show cocaine conditioned place preference when comparing time in the drugpaired chamber before and after conditioning, contrary to vehicle-treated animals: Two-way Repeated-measure ANOVA: Time: F (1,14) = 44.81, p < 0.0001, Tukey post hoc: p < 0.001; n = 8 in each group. (D) Cocaine (10 mg/kg)-induced locomotion was unaltered with 25 mg/kg (n = 7) or 50 mg/kg (n = 7) Mdivi-1 treatment compared to vehicle control (n = 10). However, mice pretreated with 50 mg/kg Mdivi-1 show reduced locomotor sensitization, compared to saline controls, when challenged with cocaine (10 mg/kg) 7 days after withdrawal (two-way repeated-measures ANOVA: Interaction: F (16,176) = 1.79, p = 0.0356, Tukey post hoc: p < 0.01). (E) Rats receiving NAc infusion of Mdivi-1 (800 mM; 1 mL/side; n = 8) during the last 3 FR1 sessions of cocaine self-administration show similar cocaine intake compared to control group (n = 9): two-way repeated-measures ANOVA: Interaction: F (9,150) = 1.089, p = 0.37. (F) When tested for cocaine seeking, 24 hr after the last FR1session and Mdivi-1 infusion, treated rats showed reduced responding: Student's t test, t = 3.66, df = 15; p = 0.002. *p < 0.05. Error bars, SEM. See also Figure S2 .
(20 mg/kg, i.p.) challenge in mice that were abstinent (7 days) from repeated cocaine (20 mg/kg, 7 days, i.p.) or saline, along with vehicle or Mdivi-1 (50 mg/kg) treatment ( Figure 3A ). c-Fos was significantly increased in D1-tdTomato positive neurons (D1-MSNs) but unchanged in D1-tdTomato-negative neurons (mainly D2-MSNs), in the cocaine-vehicle group compared to saline-vehicle controls. The Mdivi-1-cocaine group displayed blunted c-Fos induction in D1-MSNs, which was similar to saline controls ( Figure 3B) . Interestingly, the D1-tdTomato-negative neurons had a slight increase in c-Fos in the Mdivi-1-cocaine group, compared to saline controls, but this was unchanged compared to the vehicle-cocaine group ( Figure 3B ). Since Mdivi-1 blocked the characteristic cocaine-mediated c-Fos induction in D1-MSNs, we next examined whether excitatory synaptic function was altered in this MSN subtype. We recorded from D1-MSNs 24 hr after the last dose of cocaine following repeated cocaine (20 mg/kg, 7 days, i.p.) and Mdivi-1 (50 mg/kg) exposure ( Figure 3C ). Mdivi-1 blocked the potentiated AMPA/NMDA ratio and AMPA current rectification index, observed in D1-MSNs, after repeated cocaine exposure ( Figures 3C and 3D ). However, under these same conditions, Mdivi-1 did not alter basic membrane properties in D1-MSNs ( Figures S3A-S3F ).
Ribosome-Associated Drp1 mRNA and Activated DRP1 Protein in NAc MSN Subtypes after Repeated Cocaine Since the effects of Mdivi-1 during cocaine exposure blunt c-Fos induction and excitatory synaptic properties in D1-MSNs, we next investigated whether the increase in NAc Drp1 was occurring in these MSN subtypes after repeated cocaine. We first examined Drp1 mRNA in NAc MSN subtypes after repeated cocaine. To do this, we used RiboTag (RT) mice, which have a Cre-inducible hemagglutinin (HA)-tagged ribosomal protein L22 (Rpl22), that were crossed to D1-Cre or D2-Cre mice Gerfen et al., 2013; Gong et al., 2007; Sanz et al., 2009 ). This allows isolation of D1-MSN and D2-MSN ribosomes and subsequent purification of MSN subtype ribosome-associated mRNA (actively translating mRNA; Figure 4A ). We previously demonstrated enrichment of D1-MSN and D2-MSN marker genes in their respective neuron populations using this approach . Ribosome-associated mRNA was isolated from NAc of D1-Cre-RT and D2-Cre-RT mice that received i.p. injections of cocaine (20 mg/kg) or saline for 7 days, followed by 24-hr withdrawal ( Figure 4B ). Drp1 translating mRNA was significantly upregulated in NAc D1-MSNs after cocaine exposure ( Figure 4B ). In contrast, cocaine exposure resulted in a downregulation of Drp1 translating mRNA in NAc D2-MSNs ( Figure 4B ). Fis1, Mfn1, Mfn2, and Opa1 mRNA were unaltered in either MSN subtype after repeated cocaine, although we did observe a trend in increased Mfn1 mRNA in D2-MSNs ( Figures S4A and S4B) . Additionally, these genes displayed no difference in enrichment of fission and fusion gene mRNAs, in MSN subtypes, in cocaine naive conditions ( Figure S4C ). We next examined the fission promoting p-Ser616-DRP1 protein colocalization in D1-MSNs and D2-MSNs after repeated cocaine (20 mg/kg, 7 days, i.p.; (A) Illustration of NAc D1-MSN (blue) and D2-MSN (magenta) subtypes and the RiboTag procedure to isolate ribosome-associated mRNA from MSN subtypes using D1-Cre-RT and D2-Cre-RT mice. HA-tagged (red) ribosomes are immunoprecipitated from NAc homogenates using anti-HA coupled to magnetic beads, followed by isolation of ribosome-associated mRNA from D1-MSNs and D2-MSNs. (B) Drp1 ribosome-associated mRNA is increased in D1-MSNs but reduced in D2-MSNs of D1-Cre-RT or D2-Cre-RT NAc after repeated cocaine (7 days, 20 mg/kg). Student's t test, t = 2.711, df = 9, p = 0.02 and t = 3.251, df = 9, p = 0.009, respectively. n = 5 saline, 6 cocaine in both D1-and D2-MSNs groups. (C) Representative confocal images of pDRP1 immunostaining (red) in EYFP-labeled D1-and D2-MSNs (green) following cocaine (or saline) 7 days treatment (20 mg/kg, ip). Scale bar: 50 mm. (D) DRP1 phosphorylation at Ser616 colocalization is increased in D1-MSNs (Student's t test: t = 3.338, df = 8, p = 0.01; n = 5 in each group) and decreased in D2-MSNs (Student's t test: t = 2.355, df = 9, p = 0.04; n = 5 saline and 6 cocaine) following cocaine-repeated treatment. *p < 0.05. Error bars, SEM. See also Figure S4 . and mitochondria (mito-dsRed). Two weeks later, they were trained for water self-administration (FR1) for 4 days, followed by catheterization surgery. After recovery, mice self-administered cocaine (FR1) for 10 consecutive days. Finally, tissue was collected 24 hr following the last session. (legend continued on next page) Figure 4C ). We observed a significant increase in p-Ser16-DRP1 in D1-MSNs and a decrease in D2-MSNs after repeated cocaine ( Figure 4D ).
Mitochondrial Dynamics in NAc MSN Subtypes after Cocaine Self-Administration
We sought to determine whether the increase in translating Drp1 mRNA and active DRP1 protein in D1-MSNs, after repeated cocaine, indicates altered mitochondrial dynamics in these neurons. We examined this in D1-Cre mice that underwent 10 days of intravenous cocaine (0.5 mg/kg/infusion, FR1 schedule) or saline self-administration, followed by a 24-hr abstinence period ( Figure 5A ). We developed a Cre-inducible double inverted open (DIO) reading frame adeno-associated virus (AAV) expressing mito-dsRed (Sterky et al., 2011) to label mitochondria in MSN subtypes ( Figure S5A ). This approach allows quantification of mitochondrial volume, density, and size. D1-Cre mice received NAc injections of AAV-DIO-mito-dsRed and a Cre-inducible AAV to label MSN cell bodies with EYFP ( Figure 5C ) followed by cocaine or saline self-administration (Figures 5A and 5B) .
Given that the dendritic arbor in MSNs comprises a large part of the cytosol (Wilson et al., 1983 ) and since DRP1 is implicated in dendritic plasticity (Li et al., 2004) , we examined mitochondria in D1-MSN dendrites after cocaine self-administration. We examined mitochondria in proximal dendrites, within 50 mm radius from soma; distal dendrites, >100 mm radius from the soma; and distal secondary dendrites, the first nearest branch from the distal dendrite. Cocaine self-administration led to an increase in the frequency of smaller length mitochondria in D1-MSN dendrites. Mitochondria with <1.5 mm length were increased in proximal dendrites, while mitochondria with 1.5-3 mm length were increased in distal dendrites and distal secondary dendrites in the cocaine group compared to saline controls ( Figure 5E ). Additionally, cumulative frequency distribution plots suggest reduction in larger length mitochondria and demonstrate a leftward shift toward smaller length mitochondria in all D1-MSN dendrites in mice that self-administered cocaine ( Figure 5F ). Consistent with these data, we observed a reduction in overall mitochondrial length in D1-MSN dendrites in the cocaine group ( Figure 5F ). We also examined mitochondria in D2-MSNs after cocaine self-administration but observed only a reduction in the frequency of smaller mitochondria (1.5-3 mm) and an increase in larger mitochondria (3-4.5 mm) in the distal secondary dendrites of these MSNs after cocaine self-administration. Overall mitochondrial length in D2-MSN dendrites was unaltered in the cocaine group compared to saline controls ( Figures S5B-S5F ). Mitochondrial density (per dendrite 10 mm length) was increased, while mitochondrial index (mitochondrial length per 10 mm dendrite length) was reduced in proximal D1-MSN dendrites in the cocaine group ( Figure S5G ). Mitochondrial density and index were unchanged in D2-MSN dendrites after cocaine self-administration ( Figures S5J-S5L ). Mitochondrial volume (per volume dendrite) was unaltered in dendrites of either MSN subtype after cocaine self-administration (Figures S5G-S5I and S5J-S5L). These results collectively suggest increased mitochondrial fission occurs in D1-MSN dendrites after cocaine self-administration. This is consistent with increased active DRP1, in NAc D1-MSNs, after cocaine exposure (Figure 4) . The results are also consistent with reduction of p-Ser616-DRP1, by Mdivi-1, resulting in blunted c-Fos activity and blunted excitatory synaptic function in D1-MSNs (Figures 3 and S2) . Consistent with these data, Mdivi-1 (50 mg/kg) exposure prevented the repeated cocaine-mediated (20 mg/kg, 7 days, i.p.) induction of smaller mitochondria in D1-MSNs ( Figures S5M  and S5N ).
Viral-Mediated Drp1 Knockdown or Fission Promoting
Drp1 Enhancement in D1-MSNs during Cocaine SelfAdministration and Cocaine Seeking Since our data implicate enhanced fission, through DRP1 in D1-MSNs, after cocaine exposure and Mdivi-1 prevents cocaine-induced fission in D1-MSN dendrites, while also blocking behavioral responses to cocaine, we sought to directly reduce DRP1 levels in D1-MSNs. We generated a Cre-inducible AAV-DIO-Drp1-miRNA(miR)-mCitrine, designed from an shRNA and an AAV-DIO-scramble sequence (SS)miR-mCitrine control ( Figure S6A ). We used this miR approach similar to previous studies that achieve mRNA and protein knockdown in the brain, as well as demonstrate gene-specific knockdown Damez-Werno et al., 2016; Francis et al., 2017; Maze et al., 2015; Sun et al., 2015) . AAVs were injected into the NAc of D1-Cre mice and expression was visualized with mCitrine fluorescence (Figures 6A and S6B ). D1-Cre NAc expressing DIO-Drp1-miR displayed decreased Drp1 mRNA, total DRP1, and p-Ser616-DRP1 ( Figures 6B-6D) . After viral infusion, mice underwent water training followed by intravenous catheter surgeries and subsequently underwent 10 days of cocaine (0.5 mg/kg/infusion, FR1 schedule) self-administration ( Figure 6E ). Drp1-miR knockdown in D1-MSNs did not alter acquisition to cocaine self-administration ( Figure 6F ). Twenty-four hours after the last cocaine self-administration, D1-Cre mice were placed back in the chamber to test seeking for cocaine (Lee et al., 2013; Li et al., 2015; Sun et al., 2016; Werner et al., 2015) , and the Drp1-miR group displayed a significant reduction in cocaine seeking ( Figure 6G ). Drp1-miR knockdown in D1-MSNs did not alter reinforcement for a natural reward ( Figure S6C ). Examination of mitochondria size demonstrated an increase in larger mitochondria in D1-MSN dendrites in the Drp1-miR group compared to SS-miR controls (Figures 6H and 6I) , implicating reduced fission in D1-MSN dendrites with Drp1 knockdown. Further, Drp1-miR in D1-MSNs blunted c-Fos induction in these neurons when given a challenge (F) Cumulative frequency distribution plots. A shift to the left is observed in D1-MSN dendrites implicating overall reduced mitochondrial length in D1-MSNs. Kolmogorov-Smirnov test: the maximum difference between the cumulative distributions D = 0.19, 0.21, and 0.19 mm in D1-MSN proximal, distal, and distal secondary dendrites respectively, p < 0.0001. The overall length of mitochondria is reduced in D1-MSN proximal (Student's t test: t = 2.337, df = 8, p = 0.04), distal (Student's t test: t = 4.969, df = 8, p = 0.001) and distal secondary (Student's t test: t = 2.911, df = 8, p = 0.02) dendrites in the cocaine (n = 6) group as compared to saline (n = 4). *p < 0.05, **p < 0.01. Error bars, SEM. See also Figure S5 . (B-D) Virally mediated Drp1 knockdown reduced Drp1 mRNA (B) (31%, Student's t test: t = 3.241, df = 10, p = 0.008; n = 4 SS-miR and 8 Drp1-miR), total DRP1 (C) (Student's t test: t = 2.214, df = 18, p = 0.04; n = 10 in each group), and pDRP1 (D) are reduced (44% and 47%, respectively, in NAc after Drp1-miR expression in D1-MSNs (Student's t test: t = 2.373, df = 9, p = 0.04; n = 6 SS-miR and 5 Drp1-miR) levels. (E) Timeline of the experiment: cocaine seeking was performed 24 hr after the last FR1 session. (F and G) Drp1 knockdown in NAc D1-MSNs had no effect on cocaine self-administration (F) (FR1, 0.5 mg/kg/inf): two-way repeated-measures ANOVA: Interaction: F (9,99) = 0.4373, p = 0.9118, but decreased cocaine seeking 24 hr after the last FR1 session (G): Student's t test: t = 2.208, df = 11, p = 0.04; n = 5 scramble and 8 Drp1-miR. (H) Representative confocal images of D1-MSN dendrites (green) with labeled mitochondria (red) after cocaine self-administration from SS-miR and Drp1-miR groups. Scale bar: 5 mm.
(legend continued on next page) cocaine injection after repeated cocaine (10 days, 20 mg/kg; Figures 6J and 6K) . We observed no significant difference in c-Fos colocalization in D1-MSNs in the Drp1-miR group receiving cocaine compared to SS-miR group receiving saline injections ( Figure 6K ).
We next directly tested whether enhancing fission in D1-MSNs can modify behavioral responses to cocaine. We expressed the fission promoting Drp1(S637A) mutant or wild-type (WT) Drp1 in D1-MSNs and examined cocaine self-administration behaviors. The ability of Drp1(S637A) to enhance fission occurs via a mutation at the serine 637 fission repressing phosphorylation site on the GTPase effector domain, which prevents phosphorylation at this site (Cereghetti et al., 2008; Chang and Blackstone, 2007) . We generated Cre-inducible DIO-AAVs to overexpress Drp1(WT)-EYFP or a Drp1(S637A)-EYFP ( Figure S7A ). D1-Cre mice received infusions of AAV-DIO-Drp1(WT)-EYFP, AAV-DIO-Drp1(S637A)-EYFP, or control virus AAV-DIO-EYFP into the NAc. AAV expression was visualized with EYFP fluorescence (Figures 7A and S7F ). Drp1 mRNA was significantly increased in NAc of D1-Cre mice that received Drp1(WT) and Drp1(S637A) AAVs compared to EYFP controls ( Figure 7B ). Drp1(S637A) overexpression resulted in expression of the fission promoting p-Ser616-Drp1-EYFP fusion protein in NAc ( Figure 7C ). After viral infusion D1-Cre mice underwent water training, followed by intravenous catheter surgeries, and subsequently underwent 10 days of cocaine (0.5 mg/kg/infusion, FR1 schedule) self-administration ( Figure 7D ). Expression of Drp1(S637A) in D1-MSNs enhanced acquisition to self-administration on day 1 compared to EYFP controls, and on day 7 compared to Drp1(WT) conditions ( Figure 7E ). Twenty-four hours after the last cocaine self-administration, D1-Cre mice were placed back in the chamber to test seeking for cocaine (Lee et al., 2013; Li et al., 2015; Sun et al., 2016; Werner et al., 2015) . We observed no difference in seeking between the three virus conditions in D1-Cre mice at this time point ( Figure S7D ). However, Drp1(S637A) expression in D1-MSNs resulted in increased seeking for cocaine after 30 days of abstinence compared to Drp1(WT) and EYFP conditions ( Figure 7F ). Drp1(S637A) and Drp1(WT) expression in D2-Cre NAc did not alter cocaine selfadministration or seeking behavior ( Figures S7B, S7C , and S7E). Additionally, Drp1(S637A) and Drp1(WT) expression in either MSN subtype did not alter reinforcement for a natural reward ( Figure S7D ). Examination of mitochondrial size demonstrated enhanced frequency of smaller mitochondria (<1.5 mm) and a reduction in larger mitochondria (3-4.5 mm) in D1-MSN dendrites of the Drp1(S637A) group (Figures 7G and 7H) . At this 30 day abstinent time point, fission was no longer increased in D1-MSNs of mice that self-administered cocaine compared to saline ( Figure S7H ). Our data implicate that enhancing the fission promoting Drp1 variant, thus enhancing fission, increases drug seeking after prolonged abstinence from cocaine self-administration. Finally, examination of c-Fos, after a challenge cocaine injection, in mice that were abstinent from repeated cocaine (20 mg/kg, 10 days) for 30 days demonstrated enhanced c-Fos colocalization in D1-MSNs expressing Drp1(S637A) compared to Drp1(WT) or EYFP, as well as and EYFP group receiving saline injections ( Figures 7I and 7J ). EYFP and Drp1(WT) cocaine conditions also displayed increased c-Fos induction compared to saline controls ( Figure 7I ).
DISCUSSION
Our study establishes a direct role of altered mitochondrial dynamics, specifically altered mitochondrial fission, in D1-MSN subtypes during the early abstinence from cocaine (Figure 8 ). Previous studies indicate altered mitochondrial function in the brain after cocaine exposure (Cunha-Oliveira et al., 2013; Dietrich et al., 2005; Feng et al., 2014; Jang et al., 2015; Lehrmann et al., 2003; Pomierny-Chamio1o et al., 2013) . However, there has been no investigation into cocaine-mediated mitochondrial dynamics, and the molecular mediators of these mitochondrial processes, in the brain. We demonstrate for the first time altered mitochondrial dynamics with repeated cocaine exposure.
Rodents exposed to repeated cocaine, investigator administrated and self-administered, have increased Drp1 mRNA in NAc. This finding translates to human addiction since cocainedependent individuals display increased NAc DRP1 mRNA. Further, the phosphorylated Ser616DRP1, which mediates fission (Cho et al., 2013; Taguchi et al., 2007) , is increased in NAc after repeated cocaine. Interestingly total DRP1 levels are not increased in NAc, but this could reflect the masking of an increase in D1-MSNs when collecting total NAc tissue, which includes both of the MSN subtypes, interneurons, and nonneuronal cells. The lack of change in total DRP1 may reflect a differential change occurring across many cell populations. The increase observed in p-Ser616-DRP1 could reflect a more specific increase occurring in D1-MSNs, since we detect increased colocalization of p-Ser616-DRP1 in these MSNs after repeated cocaine. Further, our observation that translating Drp1 mRNA is increased in NAc D1-MSNs after repeated cocaine suggests an increase in total protein in these neurons. Blockade of fission either systemically or intra-NAc, with Mdivi-1 (Tanaka and Youle, 2008; Cassidy-Stone et al., 2008; Chen et al., 2016; Kim et al., 2016) , blunts place preference for cocaine, blocks the expression of cocaine-induced locomotor sensitization, and blunts seeking behavior after cocaine self-administration. The ability of Mdivi-1 to blunt these cocaine-induced behaviors implicates therapeutic potential of Mdivi-1 in cocaine addiction.
Examination into MSN subtypes demonstrates blunted cocaine-induced c-Fos expression in D1-MSNs with Mdivi-1 treatment. We also observed attenuated AMPA/NMDA and AMPA current rectification index in D1-MSNs, with Mdivi-1 treatment, during repeated cocaine. These data implicate (E) Overexpression of Drp1(S637A)-EYFP in D1-MSNs resulted in higher cocaine intake on day 1 of self-administration compared to EYFP controls. Drp1(WT) expression attenuated cocaine intake on days 6 and 7 compared to Drp1(S637A)-EYFP and EYFP groups, respectively: two-way repeated-measures ANOVA: Interaction F (18,144) = 1.896: p = 0.02, Tukey post hoc: p < 0.05. n = 7, 5, and 7 respectively.
(legend continued on next page)
reduced activity and excitatory synaptic function in D1-MSNs when blocking Mdivi-1 during cocaine exposure. Our data showing that Mdivi-1 blunts cocaine-induced p-Ser616-DRP1 in NAc and prevents cocaine-induced smaller mitochondria in D1-MSNs suggests that the blunted cocaine-mediated behavioral and plasticity effects, with Mdivi-1, occur through blockade of DRP1-mediated fission. This is consistent with previous studies demonstrating that Mdivi-1 blocks mitochondrial fission through reducing p-Ser616-DRP1 and reducing GTPase activity in the yeast DRP1 homolog (Cassidy-Stone et al., 2008; Chen et al., 2016; Kim et al., 2016) . However, a recent study calls into question the role of Mdivi-1 as a select DRP1 inhibitor. This study showed that Mdivi-1 is a reversible mitochondrial complex I inhibitor that modulates reactive oxygen species (ROS), without altering mitochondrial elongation or causing DRP1 GTPase activity impairment (Bordt et al., 2017) . Thus, we cannot rule out that the behavioral and plasticity effects of Mdivi-1 are occurring through other mechanisms, such as reducing ROS production. Nonetheless, our data demonstrating reduced p-Ser616-DRP1 and reduced smaller mitochondria in D1-MSNs, with Midivi-1 exposure, suggests that Mdivi-1 may directly or indirectly inhibit DRP1-mediated fission in D1-MSNs to reduce the behavioral and plasticity adaptations occurring with repeated cocaine. Finally, one cannot rule out differential effects of Mdivi-1 based on the experimental condition, in vitro cell culture application, and analysis (Bordt et al., 2017 ) versus intra-brain or systemic application with in vivo brain analysis, the latter condition reflecting our current study.
The D1-MSN subtype response to Mdivi-1 is consistent with increased levels of translating Drp1 mRNA and fission promoting DRP1 protein, in D1-MSNs, after repeated cocaine. Consistent with these findings, we observe alterations in mitochondrial dynamics in D1-MSN dendrites after cocaine self-administration, which are indicative of increased mitochondrial fission (Detmer and Chan, 2007; Friedman and Nunnari, 2014; Westermann, 2010) . The increased D1-MSN dendritic fission and enhanced excitatory synaptic function are in line with DRP1 mediating dendritic plasticity and synapse formation (Ishihara et al., 2009; Li et al., 2004) . These results are also consistent with enhanced plasticity occurring in D1-MSNs, as well as induction of molecules mediating plasticity in D1-MSNs after chronic cocaine, after repeated cocaine exposure Grueter et al., 2013; Kim et al., 2011; Lobo et al., 2013; MacAskill et al., 2014; Pascoli et al., 2014) .
Our findings suggest that fission in D1-MSNs may be involved in motivational aspects of cocaine. Indeed, we demonstrate that viral-mediated D1-MSN-specific knockdown of Drp1 in D1-MSNs, blunts drug seeking after early abstinence from cocaine self-administration, while also blunting c-Fos induction and fission in D1-MSNs. Viral mediated expression of a fission promoting Drp1(S637A) variant (Cereghetti et al., 2008; Chang and Blackstone, 2007) , selectively in D1-MSNs, enhances cocaine seeking after long-term abstinence, while increasing fission in D1-MSNs at this time point. Interestingly, Drp1(S637A) expression in D1-MSNs did not enhance cocaine seeking 24 hr after the last self-administration session. This could reflect the inability to promote fission further in these MSNs at this time point. Whereas, during the 30 day abstinent period, fission returns to basal levels in mice that self-administer cocaine; thus, enhancing fission at this time point led to increased cocaine seeking. Finally, we were surprised that the Drp1(WT) expression in D1-MSNs did not enhance cocaine seeking, since previous in vitro studies show that Drp1(WT) expression can enhance fission and structural plasticity in hippocampal neuronal cultures (Li et al., 2004) . Consistent with the lack of behavioral outcome with Drp1(WT), we do not observe enhanced fission in D1-MSN dendrites in the Drp1(WT) compared to EYFP virus controls. It is plausible that a threshold for DRP1 activation occurs after multiple drug episodes, which could be a consequence of upstream kinases, or other mechanisms. Thus, enhanced DRP1 levels may not be sufficient to enhance active DRP1 and corresponding mitochondrial changes in the presence of cocaine.
Our studies contribute to the emerging role for mitochondrial adaptations in diseased motivational states including mood disorders, stress, and addiction (van der Kooij et al., 2017; Cai et al., 2015; CONVERGE consortium, 2015; Cunha-Oliveira et al., 2013; Dietrich et al., 2005; Feng et al., 2014; Hollis et al., 2015; Jang et al., 2015; Lehrmann et al., 2003; Manji et al., 2012; Picard et al., 2015; Pomierny-Chamio1o et al., 2013) . We demonstrate a novel role of altered mitochondrial dynamics in D1-MSN subtypes in cocaine abuse, which occurs during early abstinent time points (Figure 8 ). These studies have direct implication for pharmacological therapeutics with agents that target mitochondrial dynamics for treatment of psychostimulant addiction.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: Li, H., Chen, Y., Jones, A.F., Sanger, R.H., Collis, L.P., Flannery, R., McNay, E.C., Yu, T., Schwarzenbacher, R., Bossy, B., et al. (2008) . Bcl-xL induces Drp1-dependent synapse formation in cultured hippocampal neurons. Proc. Natl. Acad. Sci. USA 105, 2169-2174.
Li, X., Rubio, F.J., Zeric, T., Bossert, J.M., Kambhampati, S., Cates, H.M., Kennedy, P.J., Liu, Q.R., Cimbro, R., Hope, B.T., et al. (2015) . Incubation of methamphetamine craving is associated with selective increases in expression of Bdnf and trkb, glutamate receptors, and epigenetic enzymes in cueactivated fos-expressing dorsal striatal neurons. J. Neurosci. 35, 8232-8244. 
CONTACT FOR REAGENTS AND RESOURCE SHARING
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Mary Kay Lobo (mklobo@som.umaryland.edu).
EXPERIMENTAL MODEL AND SUBJECT DETAILS
Animal studies All studies were conducted in accordance with the guidelines set up by the Institutional Animal Care and Use Committee's at The University of Maryland School of Medicine and The University at Buffalo, The State University of New York. In both institutions, animals' health status was closely monitored by the veterinary staff and the experimenters throughout the experiments. D1-Cre hemizygote (line FK150) or D2-Cre hemizygote (line ER44) bacterial artificial chromosome (BAC) transgenic mice from GENSAT (Gong et al., 2007 , Gerfen et al., 2013 ) (www.gensat.org) on a C57BL/6J background were used for mitochondrial counting and Drp1 virus behavioral experiments. Homozygous RiboTag (RT) mice on a C57BL/6J background, expressing a Cre-inducible HA-Rpl22 (Sanz et al., 2009 ) were crossed to D1-Cre or D2-Cre mouse lines to generate D1-Cre-RT and D2-Cre-RT mice and used for cell type-specific ribosome-associated mRNA isolation. C57BL/6J mice obtained from Jackson Laboratory were used for RT-PCR, western blot, and behavioral experiments. For c-Fos immunostaining experiments, D1-tdTomato BAC mice (Shuen et al., 2008) on a C57BL/6J background were obtained from Jackson Laboratory. Male mice, 8 week-old at the beginning of the experiments, have been used for this study. All mice were naive to any previous experiment and were maintained on a 12h light/dark cycle ad libitum food and water. Mice were group housed (3-5 per cage) for all experiments. For self-administration studies, mice were housed 2 per cage across a perforated divider to allow sensory contact. Naive male Sprague-Dawley rats (250-275 g at the beginning of the experiment), used for self-administration cDNA, were maintained on a 12h reverse light/dark cycle ad libitum food and water. After catheterization surgery, rats were single housed for the duration of the experiments. For all in vivo studies, animals were randomly assigned to the treatment or control group.
Human post-mortem tissue
The cohort was composed of 24 males and 2 female, ranging in age between 20 and 53 years. All subjects died suddenly without a prolonged agonal state or protracted medical illness. In each case, the cause of death was ascertained by the Quebec Coroner Office, and a toxicological screen was conducted with tissue samples to obtain information on medication and illicit substance use at the time of death. The subject group consisted of 14 individuals who met the Structured Clinical Interview for DSM-IV (Diagnostic and Statistical Manual of Mental Disorders-IV) Axis I Disorders: Clinician Version (SCID-I) criteria for cocaine dependence. The control group comprised 12 subjects with no history of cocaine dependence and no major psychiatric diagnoses. The processing of the tissue is described elsewhere (Golden et al., 2013; Robison et al., 2013) . Briefly, hemispheres were immediately separated by a sagittal cut into 1-cm-thick slices and placed in a mixture of dry ice and isopentane (1:1 (vol:vol). The frozen tissue was then stored at À80 C. The list of individual samples is described in Table S1 .
Cell line
Male Neuro-2a cell line was purchased form Sigma (Cat# 89121404) and maintained at 37 C, 5% CO2 in DMEM with GlutaMAXI, 4500 mg/L glucose and 110 mg/L sodium pyruvate (Invitrogen) supplemented with 10% v/v FCS (Invitrogen) as described in Chandra et al. (2015) . Cells were routinely tested for mycoplasma contamination.
METHOD DETAILS Experimental design
For all experiments, sample size was based on animal number used in our previous studies Lobo et al., 2010 Lobo et al., , 2013 Gancarz et al., 2015) . Animals were randomly assigned to experimental groups by cage before surgery and/or treatment. Further, the order of the animals was randomized before behavioral tests. For all behavioral tests, data quantification (time, distance, number of infusions, nosepokes) was objectified by the use of dedicated software (CleverSys, MED-PC). For mitochondrial quantification, the experimenter was blind to the treatment conditions. Animals with bad viral expression (absent or off-target) or cannula placement as well as loss of catheter patency were excluded from the analysis. Grubbs outlier test was performed on data with obvious outliers and no more than one animal or sample was removed per group.
Repeated cocaine treatment C57BL/6J, D1-Cre-RT, and D2-Cre-RT mice received 7 daily intraperitoneal injections (i.p.) of cocaine (20mg/kg) or 0.9% saline in the home cage. NAc tissue was collected 24h after the last injection. Cocaine hydrochloride (Sigma) was dissolved in sterile saline. The dose of cocaine was selected based on previous studies Lobo et al., 2010 Lobo et al., , 2013 .
Conditioned place preference
Conditioned place preference (CPP) was conducted as previously described using Topscan tracking software (CleverSys) Lobo et al., 2010) Briefly, the conditioning chambers consisted of two distinct environments with unique wall patterns and floor textures separated by a neutral chamber. On the first day, mice were allowed to freely explore the 3 chambers for 20 min. Groups were then balanced and adjusted for any chamber bias that may have occurred (mice that showed significant preference for one compartment were excluded from the experiment). During the conditioning days 2 and 3, mice received an i.p. injection of saline before noon and were confined for 30 min to one chamber. In the afternoon, mice received an injection of Mdivi-1 (12.5mg/kg, 25mg/kg, or 50mg/kg in corn oil, ip) or vehicle 1 hr prior to receiving a cocaine injection (7.5mg/kg in saline, ip) and were placed in the chamber, opposite to the saline conditioning for 30 min. On day 4, animals were placed in the apparatus for 20 min without any treatment. Time spent in the drug-paired chamber before and after conditioning were compared as well as time spent in the drug-paired chamber minus time spent in the saline-paired chamber. To test the potential aversive effect of Mdivi-1 on CPP, a dose of 4mg/kg (in saline, ip) was used (Dietz et al., 2012) . For Mdivi-1 infusion experiments, mice were implanted with cannula (Plastics One) into the NAc 4 days before the experiment. On the two conditioning days, mice were microinjected with 800 mM/0.5 mL/hemisphere of Mdivi-1 (in 35% DMSO in saline) or vehicle immediately prior to each cocaine pairing session. On the last day, mice were tested without any microinjection.
Cocaine-induced locomotion
Cocaine-induced locomotor activity was performed using protocols routinely used in our laboratory Lobo et al., 2010) . Briefly, C57/Bl6 mice were habituated to the apparatus for 30 min. On the next day, basal locomotion was recorded for 30 min after one saline injection. Mice received a daily injection (for seven days) of Mdivi-1 (25 mg/kg or 50mg/kg in corn oil, ip) or vehicle 1 hr prior to receiving a cocaine injection (10mg/kg in saline, ip) or a saline injection. The Mdivi-1 doses were based on previous studies (Brooks et al., 2009; Park et al., 2011) . Mice were placed in the chamber for 30 min and activity was tracked with Topscan tracking software (Clever sys). After seven days of withdrawal mice received a cocaine (10mg/kg) challenge and activity was measured for 30 min in the open field.
Intravenous cocaine self-administration Drug self-administration procedure was adapted from our previously published studies Gancarz et al., 2015) . Operant chambers (MED Associates) had two nosepoke holes on one wall and a house-light on the middle of the opposite wall. After habituation (30 min) to the operant boxes, mice were water deprived overnight. Eight training sessions of 30 min (4 days, 2 sessions/day) were performed. Active responses, under a fixed ratio 1 (FR1) schedule, elicited the delivery of a 10 mL water drop associated with a light-cue both delivered in the nosepoke hole. Reward delivery was followed by a 10 s timeout period and the house-light was turned off during this time. Inactive responses were also recorded (MED-PC software). After water training, mice were anesthetized with Ketamine (100mg/kg) and Xylazine (16mg/kg) and implanted with chronic indwelling jugular catheters (Plastics One). Animals were flushed daily with 0.1mL of a mixture of 2.27% Baytril (20%) and Heparin 50IU/mL (40%, in saline). After 5 days of recovery, mice were underwent 10 days of cocaine self-administration. Each session lasted 2 hr and was an FR1 schedule similar to the water training with the exception that each response in the active nosepoke elicited the delivery of intravenous cocaine hydrochloride (0.5mg/kg/infusion in saline). At the end of the cocaine self-administration experiment, catheter patency was tested with a 30 mL intravenous infusion of ketamine (50mg/kg, in saline). Only mice that showed patency were used in data analyses. Mice then underwent seeking tests 24 hr and 30 days after the last self-administration. The seeking test was performed under extinction conditions in which a response resulted in presentation of the cue but no drug was delivered (Lee et al., 2013; Li et al., 2015; Sun et al., 2016; Werner et al., 2015) . For cocaine self-administration experiment in rats, similar procedure was used. One week after catheterization, rats underwent 2 hr sessions of intravenous cocaine (or saline) selfadministration (1 mg/kg/infusion in saline) under a FR1 schedule of reinforcement followed by a 30 s time-out period for 10 days. For Mdivi-1 infusion experiments, rats were implanted with cannula (Plastics One) into the nucleus accumbens on the same day as catheterization surgery. On the last three days of FR1 cocaine self-administration, rats were microinjected with 800 mM/1 mL/hemisphere of Mdivi-1 (in 35% DMSO in saline) or vehicle immediately prior to each session during the last three sessions. Rats were then tested for cue-induced cocaine seeking (1 h session) on withdrawal day 1 without any microinjection prior to testing. Complete list of regents can be found in the Key resource table.
Mouse stereotaxic surgery D1-Cre or D2-Cre mice were anesthetized using 4% isoflurane in a small induction chamber. After the initial induction, isoflurane was maintained at 1% for the remainder of the surgery. Animals were placed in a stereotaxic instrument and their skull was exposed. 33 gauge Hamilton syringe needles were used to inject 0.6 mL of either AAV-DIO-EYFP, AAV-DIO-Drp1(WT)-EYFP, AAV-DIODrp1(S637A), AAV-DIO-Drp1-miR, AAV-DIO-scramble-miR or 0.2ul of AAV-DIO-mito-dsRed with AAV-DIO-ChR2-EYFP bilaterally into the NAc (anterior/posterior, AP+1.6; medial/lateral, ML ± 1.5; dorsal/ventral, DV-4.4, 10 angle) according to our previous studies Lobo et al., 2010) . Mice were then returned to the vivarium for 2 weeks to allow for recovery and maximal virus expression.
Slice Physiology
Twenty-four hours following the final cocaine and Mdivi-1 or vehicle treatment, male Drd1a-tdTomato mice were euthanized and coronal mouse brain slices, 220 mm in thickness were prepared in cooled artificial cerebrospinal fluid containing (in mM): NaCl 119, KCl 2.5, MgCl 1.3, CaCl2 2.5, Na2HPO4 1.0, NaHCO3 26.2 and glucose 11, bubbled with 95% O2 and 5% CO2. Slices were kept at 32 C-34 C in a recording chamber superfused with 2.5 mL/min artificial cerebrospinal fluid. Visualized whole-cell voltage-clamp recording techniques were used to measure holding and synaptic responses of D1-MSNs of the NAc, identified by the presence of the td-Tomato of BAC transgenic mice by using a fluorescent Nikon 600 microscope, as described previously (Creed et al., 2016; Patton et al., 2016) . Holding potential was maintained at À70 mV for AMPA/NMDA ratio experiments and at À60 mV for membrane properties assessment using a Multiclamp 700B amplifier (Molecular Devices). Access resistance was monitored by a depolarizing step of À14 mV each sweep, every 10 s. Experiments were discarded if the access resistance varied by more than 10%. For AMPA/NMDA ratio, currents were amplified, filtered at 5 kHz and digitized at 20 kHz and for membrane properties at 2 kHz, digitized at 10 kHz. Both were acquired using Clampex v10.4 software (Molecular Devices). All experiments were performed in the presence of picrotoxin (100 mM) to isolate excitatory transmission. Internal solution contained (in mM) 130 CsCl, 4 NaCl, 5 creatine phosphate, 2 MgCl2, 2 Na2ATP, 0.6 Na3 GTP, 1.1 EGTA, 5 HEPES and 0.1 mm spermine. Synaptic currents were electrically evoked by stimuli (50 ms) at 0.1Hz through bipolar stainless steel electrode placed onto the tissue. To isolate AMPAR-evoked EPSCs, the NMDA antagonist D-AP5 (50 mM) was bath applied. The NMDAR component was calculated as the difference between the EPSCs measured in the absence and presence of D-AP5. The AMPAR/NMDAR ratio was calculated by dividing the peak amplitudes. The rectification index of AMPAR-mediated currents was calculated as the ratio of the chord conductance calculated at À70 mV, divided by chord conductance at +40 mV. In sample traces, stimulation artifacts were removed.
For membrane properties, capacitance, membrane, and input resistances, resting membrane potential, action potential threshold and the maximum firing rate of D1-expressing MSNs were made in current clamp mode using recording pipettes of 2.5-5 MU resistance (Sutter Instruments) filled with a potassium-based internal pipette solution (in mM: 126 potassium gluconate, 4 KCl, 10 HEPES, 4 ATP-Mg, 0.3 GTP-Na and 10 phosphocreatine, osmolarity: 290-300, pH: 7.3). Input resistance was calculated by delivering a series of hyperpolarizing current steps to MSNs (À150 pA for approximately 4 s) and measuring the voltage deflection. To calculate the action potential threshold, a ramp of depolarizing current was delivered to cells in current clamp mode and the voltage at which an action potential detonated was recorded. The maximum firing rate of these neurons was determined by delivering increasing depolarizing current steps and calculating the maximum frequency at which the cells could fire faithfully.
Adeno-Associated Viral Vectors
Recombinant Cre-dependent adeno-associated viruses (AAVs) mito-dsRed, ChR2-EYFP, Drp1(WT) and Drp1(S637A) were used in this study. The mito-dsRed (Sterky et al., 2011) and Drp1(WT) or Drp1(S637A) (Labrousse et al., 1999; Ingerman et al., 2005) vectors were gifted from Dr. N.G. Larsson (Max Planck Institute for Biology of Aging, Cologne, Germany) and Mariusz Karbowski (University of Maryland, Baltimore, USA) respectively. mito-dsRed, Drp1(WT), and Drp1(S637A) sequences were PCR amplified (Phusion DNA polymerase, New England Biolabs) and an EYFP tag was added to Drp1(WT), and Drp1(S637A) vector. Drp1-miR was generated from Drp1 shRNA by conversion from shRNA to miR as described in . Briefly, four Drp1 shRNA expression vectors were purchased from Origene and tested in Neuro2a cells. The most efficient shRNA was chosen for miR engineering using the BLOCK-iT Pol II miR RNAi Expression Vector Kit (Invitrogen). Two single-stranded DNA oligonucleotides were designed, one encoding the target pre-miR top strand oligo and the other the bottom strand oligo compliment. Top and bottom strand oligos were annealed to generate a double-stranded oligonucleotide and cloned into a pcDNA-EmGFP-miR vector. Then, vectors were PCR cloned into the EF1a-DIO vector. The DIO-ChR2-EYFP and DIO-EYFP was used in the mitochondrial quantification studies. DIO-EYFP and DIO-scramble-mCitrine was used as control in the behavioral studies. Both vectors were packaged into AAV (serotype 2) at University of North Carolina (UNC) Vector Core Facility. Virus packaging for AAV-DIO-mito-dsRed, AAV-DIODrp1(WT)-EYFP and AAV-DIO-Drp1(S637A)-EYFP (serotype 2), AAV-Drp1-miR-IRES-mCitrine and AAV-Scramble sequence (SS)-miR-IRES-mCitrine was performed as described previously Prasad et al., 2011) . Complete list of regents can be found in the Key resource table.
Polyribosome Immunoprecipitation, RNA Isolation Immunoprecipitation of polyribosome was prepared from NAc of D1-Cre-RT and D2-Cre-RT mice according to our previous study In brief, four 14-gauge NAc punches per animal (four animals pooled per sample) were collected and homogenized by douncing in homogenization buffer and 800 mL of the supernatant was added directly to the HA-coupled beads (Invitrogen: 100.03D; Covance: MMS-101R) for constant rotation overnight at 4 C. The following day, magnetic beads were washed three times in magnet for 5 min in high salt buffer. Finally, RNA was extracted by adding TRK lysis buffer to the pellet provided in MicroElute Total RNA Kit (Omega) according to manufacturer's instructions. RNA was quantified with a NanoDrop (Thermo Scientific). Complete list of regents can be found in the Key resource table. For cDNA synthesis and qRT-PCR see below.
RNA extraction and quantitative RT-PCR Mouse and rat NAc tissue punches were collected 24 h after the last cocaine administration and stored at À80 C. RNA was extracted using Trizol (Invitrogen) and the MicroElute Total RNA Kit (Omega) with a DNase step (QIAGEN). For human postmortem NAc tissue, total RNA was isolated by using Trizol (Invitrogen) as described before (Golden et al., 2013) . Human RNA integrity was determined on an Agilent Bioanalyzer. All RNA quantity was measured on a Nanodrop. 300-400ng cDNA was then synthesized using reverse transcriptase iScript cDNA synthesis kit (Bio-Rad). mRNA expression changes were measured using quantitative polymerase chain reaction (qPCR) with PerfeCTa SYBR Green FastMix (Quanta). Quantification of mRNA changes was performed using the -DD C T method, using glyceraldehyde 3-phosphate dehydrogenase (GAPDH) as a housekeeping gene. The list of primers used in this study is included in Table S2 . Complete list of regents can be found in the Key resource table.
Western blots
The NAc were homogenized in 30 mL of lysis buffer containing 320mM sucrose, 5nM HEPES buffer, 1% sodium dodecyl sulfate (SDS), phosphatase inhibitor cocktails I and II (Sigma, St. Louis) and protease inhibitors (Roche) using a ultrasonic processor (Cole Parmer, Vernon Hills, IL, USA). Protein concentrations were determined using DC protein assay (Bio-Rad) and then 15-20 mg samples of total protein were loaded onto Tris-HCl polyacrylamide gel (Bio-Rad). The samples were transferred to a nitrocellulose membrane and blocked for 1 hr in blocking buffer, 5% non-fat dry milk in Tris buffered saline (pH 7.6) with 0.1% Tween. Blocked membranes were incubated overnight at 4 C in blocking buffer with primary antibodies using either 1:1000 rabbit-anti pSer616-DRP1 (Cell Signaling, cat.# 3455S), 1:1000 DRP1 (Cell Signaling, cat.# 8570), 1:8000 GAPDH (Cell Signaling, cat.# 2118), 1:1000 OPA1 (Cell Signaling, cat.# 80471S), 1:1000 Fis1 (Santa Cruz, cat.# sc-98900), 1:1000 Mfn1 (Santa Cruz, cat.# sc-50330), 1:1000 Mfn2 (Cell Signaling, cat.# 9482). Membranes were then incubated with goat anti-rabbit peroxidase-labeled secondary antibodies (Vector Laboratories, cat.# PI-1000, 1:20,000 or 1:40,000 depending on the primary antibody used) in blocking buffer. The bands were visualized using SuperSignal West Dura Extended Duration substrate (Pierce, cat.#34075). Bands were quantified with Image Lab Software (Bio-Rad) and normalized to GAPDH to control for equal loading. Complete list of regents can be found in the Key resource table.
